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This paper provides a review of active control strategies used to isolate high-
precisionmachines (e.g. telescopes, particle colliders, interferometers, lithography
machines or atomic force microscopes) from external disturbances. The objective
of this review is to provide tools to develop the best strategy for a given appli-
cation. Firstly, the main strategies are presented and compared, using single
degree of freedom models. Secondly, the case of huge structures constituted of a
large number of elements, like particle colliders or segmented telescopes, is
considered.

1. Introduction

Ultra-high-precision machines are used increasingly in various fields of engineer-
ing. They become more sensitive to vibration as the precision increases and their
size increases. In addition to this, large precision structures are made of a very
large number of components, sometimes thousands (e.g. segments of a telescope),
which makes them more complex and more difficult to control; a few examples are
given in figure 1.

There is an emblematic example of the clean rooms of the science park in
Taiwan, which were no longer able to operate after the inauguration of the high-
speed train line which was passing next to the park, because of the vibrations
transmitted through the ground. It is fair to say that extreme precision machines
are always associated with vibration problems, and the problem culminates
when these structures are extremely large as giant telescopes, interferometers
and particle accelerators. Vibration alleviation is often obtained in two steps: (i)
stability enhancement by vibration isolation, vibration damping and disturbance
rejection, and (ii) precision pointing and positioning. The details of the control
strategy depends on specific features of the machine involved (Table 1).

This paper is organized as follows. Section 2 reviews the basic concept used for
active vibration isolation. Section 3 discusses the case of huge structures, constituted
of a large number of elements, like particle colliders or segmented telescopes.
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FiGUrE 1. Size versus precision for some precision engineering applications.

2. Single degree of freedom

For a passive suspension, the typical transmissibility T,.(f) between the ground
and the payload is shown by the solid line in figure 2. It is equal to 1 at low frequency,
shows an overshoot at the resonance of the payload on the support stiffness, and then
decreases with a slope comprised between power —1 and -2 at higher frequency. A
drastic reduction of the amplitude of the overshoot can be obtained without degra-
dation of the roll-off at high frequency in two ways: either passively by increasing
the passive damping in the suspension and a relaxation isolator (see Preumont
(2006) for an electromagnetic realization) or actively using the well-known sky-
hook strategy (Karnopp, Crosby & Harwood 1974). However, an improvement of
the passive isolation (transmissibility lower than 1) can only be obtained by
decreasing the resonance of the payload (e.g. at 2 Hz in figure 2). Although it is
increasingly difficult to achieve for low frequencies, it also leads to an increased sus-
ceptibility to disturbance forces directly applied on the payload. This is the main
reason why efficient low-frequency seismic isolation can only be obtained actively.

Figure 3 shows three classical strategies used for active isolation. Strategies (a)
and (b) are based on the use of an inertial reference, fixed on the payload

Stability Positioning
Particle collider Active stabilization Quadrupole alignment/final focus
Telescope Active optics Adaptive optics
Interferometer Active isolation and damping Delay lines
Lithography Active isolation and damping Nano-positioning

TaBLE 1. Active control in precision engineering applications.
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Ficure 2. Typical transmissibilities Ty«(f) between the ground and the payload for various
passive and active isolation strategies.

(Saulson 1894; Nelson 1991; Collette et al., 2010) or directly on the ground
(Vervoordeldonk Ruijl & Rijs 2004; Vervoordeldonk & Stoutjesdijk 2006;
Kar-Leung Miu 2008).

This inertial reference is an oscillator with an extremely low resonance frequency,
as in a seismometer. A capacitive sensor is used to measure the motion of the pay-
load with respect to the reference. An important advantage of strategy (b) over (a) is
that it is robust to external force. Strategy (c) consists of a small intermediate mass
mounted on a stiff piezoelectric actuator, and in series with a rubber part (Schubert,
Beard & von Flotow 1994; Schubert et al. 1997). A geophone measures the velocity
of the intermediate mass and a capacitive sensor measures the relative displacement
between the small mass and the payload. Typical transmissibilities obtained with
these strategies are also shown in figure 2.

3. Segmented structures

The strategies discussed in the previous section are dedicated to mitigate the
transmission of ground vibrations to a payload. When the payload has several
degrees of freedom, independent (decentralized) controllers can be applied in
each active mount (e.g. Schubert, Beard & von Flotow 1994, Schubert et al. 1997).
However, when the structure is composed of many different elements, it is not
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FiGure 3. Three classical active isolation strategies.
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FIGURE 4. (a) Active optics flow for the large segmented mirror of a telescope (adapted from
Bastaits ef al. (2009)); (b) beam-based feedback flow for the alignment of a particle collider.

only important to stabilize each of them, but even more important to ensure the
relative stability between each other. Figure 4 shows a schematic view of the con-
troller used for (a) the active optics for the primary mirror of a telescope and (b)
the beam-based feedback for a particle collider.

In both cases, there exists a linear relationship between the set of sensors (edge
sensors or beam position monitors) and actuators (position actuators or corrector
magnets). The matrix relating these two vectors is called the Jacobian, or the transfer
matrix. The correction is then based on the inversion of this matrix. For this purpose,
a powerful technique is to use a singular value decomposition (Chanan et al. 2004;
Buflone 2008). It has the main advantage to provide the possibility to use a scalar
controller to each singular modes (e.g. a proportional integral derivative regulator),
to consider only the modes with the highest singular values and can be efficiently
applied to a rectangular matrix.

4. Conclusion

In this paper, the main strategies used in the active vibration isolation of high-
precision machines have been presented and briefly compared. The strategies
have been discussed using single-degree-of-freedom models. Then, the case of
multi-segmented structures has been considered, emphasizing some similarities
between the control of the primary mirror of a telescope and the control of a
beam of a linear particle collider.
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